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Summary
Objective: This article addresses the problem of structural design with osteochondral grafts used for cartilage resurfacing.
Methods: Photooxidized cylindrical or mushroom-shaped grafts were surgically implanted in the weight bearing area of the medial and lateral
femoral condyles of eight sheep (condyles: N=8/group). Both types of photooxidized grafts contained no viable chondrocytes at the time of
implantation. Results were evaluated at 2 and 6 months after surgical implantation of the grafts. Qualitative and quantitative evaluation of the
subchondral bone area was performed using plastic embedded sections of non-decalcified bone and cartilage specimens and placing
emphasis on graft anchorage, cyst-like lesions at the base of the cartilage junction and at the base of the graft in the subchondral
bone region. Cartilage morphology was studied qualitatively focusing on viability of the graft and adjacent host cartilage, while a score
system was developed for semi-quantitative evaluation of the overall articular cartilage performance. The semiquantitative scores and
histomorphometrical measurements were subjected to statistical analysis using a factorial analysis of variance (ANOVA-test).
Results: The photooxidized mushroom-shaped grafts developed less fibrous tissue and cyst-like lesions in the subchondral bone area at 2
and 6 months compared to the cylindrical grafts. Areas of endochondral ossification and bone remodeling were noticeable in the mushroom
structured grafts at 2 months, and also bone remodeling was more complete at 6 months than with the cylindrical grafts. Increased numbers
of cells were seen in the basal remodeling zones of both graft types increased from the 2 months to the 6 months specimens, but mushroom
structured grafts showed better results. In both graft types, however, the midzone of the cartilage matrix was still acellular at 6 months. Cells
from the subchondral bone area started to penetrate the calcified cartilage zone and tide mark at 2 months and repopulated the old
photooxidized cartilage matrix already at 6 months after implantation. Cartilage repopulation was dependant on a stable subchondral bone
area in both types of grafts. Matrix degradation of the adjacent host cartilage was minimal at 2 and 6 months. At 6 months a junction between
host and graft cartilage was already noticed in some of the mushroom-shaped grafts.
Conclusion: This study confirmed the importance of the subchondral bone area for osteochondral graft survival. In addition it demonstrated
that the structure of the graft influences considerably the architecture of the subchondral bone, and with this the possibility for the
repopulation of the old cartilage matrix including the junction between the host and graft cartilage matrix.
© 2003 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
In recent years, osteochondral grafting procedures using
autografts have gained popularity for specific indications
related to acute cartilage injuries or chronic focal cartilage
lesions, either as single plug procedures or as
mosaicplasty1–3. Indications for the use of osteochondral
grafts are manyfold1,4–6. However, fresh or chronic focal
lesions (osteochondritis dissecans) of the femoral condyles
seem to be the most often reported indication for grafting
procedures7 apart from lesions in the talus8. Lesion sizes
as large as 3–4 mm2 and smaller than 3 cm2 are the main
category where osteochondral grafting procedures are
deemed to be successful1,7,9.
Mostly round osteochondral grafts are used for cartilage
resurfacing. Only a few other forms, such as square or
rectangular forms, have been implanted7,10. A surgical
pressfit technique is currently used for most type of
grafts1,9,11. Reports about osteochondral grafting pro-
cedures often concern clinical studies and applications4,5,9,10.
Longterm follow-ups over 18 months are rarely reported in
experimental settings11–22, although cartilage degeneration
occurs slowly over a prolonged period of time due to the
slow metabolism of chondrocytes and the extracellular
matrix23,24. Donor site morbidity was addressed as
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one of the problems related to osteochondral grafts25–27,
apart from long-term survival of the graft itself associated
with the development of osteoarthritis in the grafted
joint5,28.
Chondrocyte viability is thought to be a major factor for
graft survival in all types of osteochondral grafting proce-
dures7,9,22,29 and cartilage performance30. Thus, some
authors propose the use of fresh auto- or allografts and
consider cartilage still to be an immunogenically privileged
tissue due to the extracellular matrix composition6,7. How-
ever, at the same time immunogenicity has been discussed
as a limiting factor in allograft transplantations31. Therefore,
some authors prefer the use of pretreated osteochondral
grafts, also as cryopreserved13,18,32, or proteoglycan
extracted and enzymatically digested21 dowel grafts in
order to reduce immunogenicity of the grafts.
Independent of which osteochondral grafts are used,
joint congruency is also thought to be of paramount
importance33–36. A few authors have recommended to
leave the grafts 1–2 mm proud of the joint surface to allow
for subsidence with resorption of the subchondral bone7,20.
The resorption of the subchondral bone including the graft
and host area was reported to be a problem by many
authors7,34,37. Although the subchondral bone is needed as
a possible anchor for the graft9, size and depth of the bony
part of the grafts seem to be a determinant factor7,16,22.
Mechanical stability is thought to be influenced not only by
the subchondral bone of the host38,39, but also by the
mechanical stability of the graft itself22,32,33. Pretreatment
with cryopreservation and chemical substances of the
grafts was shown to decrease mechanical properties due to
cellular damage in an experimental sheep study22. Pho-
tooxidized osteochondral grafts were demonstrated in the
laboratory of the authors (D. Nadler, P. Bittmann) to have a
slightly higher porosity and about 80% stiffness compared
to the untreated fresh osteochondral grafts (unpublished
data).
In regard to cartilage viability previous experience with
photooxidized osteochondral grafts12,39 has demonstrated
that photooxidized xenografts of bovine origin proved to be
superior to photooxidized allografts or untreated xeno- and
autografts. Fewer cyst-like lesions developed at the host-
graft interface and at the base of the photooxidized grafts.
Furthermore, repopulation of the old photooxidized carti-
lage matrix in the deep and also most superficial zone with
cells originating from the subchondral bone area was
observed already at 6 months after surgery. This was in
contrast to the auto- or untreated xenografts, where
repopulation of the graft cartilage was never demonstrated
at 6, 12 and 18 months after implantation. The conclusion
of better performance for photooxidized grafts was based
on improved mechanical stability of the overall graft, slower
bone resorption of the subchondral bone part of the graft
and most likely decreased immunogenicity due to the
photooxidation process.
The goal of this study was to investigate whether a
different design of osteochondral grafts, such as a
mushroom-structure, would be superior to the currently
used cylindrical grafts. The study was based on the
assumption that mushroom-shaped osteochondral grafts
could provide better mechanical stability due to distribution
of mechanical load on two levels, less synovial fluid pen-
etration at the cartilaginous graft-host interface, faster sub-
stitution of the subchondral graft bone and repopulation of
the old cartilage matrix. Photooxidized cylindrical and
photooxidized mushroom-shaped osteochondral grafts
were used to investigate this hypothesis.
Materials and methods
If not indicated otherwise, all materials for the laboratory
work were purchased from Sigma (Buchs, Switzerland) and
were of analytical grade.
PREPARATION OF THE GRAFTS AND SURGICAL TECHNIQUE
Photooxidized grafts were harvested as described pre-
viously12. Briefly, cylindrical osteochondral grafts were col-
lected from shoulder joints of 18 months old, healthy heifers
12 h after slaughter at the local slaughterhouse. For har-
vesting, a standardized diamond-coated drill bit (Draenert,
Munich, German) was used. Cartilage was considered
healthy, if the surface was slightly bluish, shiny and no
macroscopic signs of surface fibrillation or matrix degrada-
tion were visible. Care was taken to cut the grafts at the
weight bearing area in the middle of the shoulder joint. In
contrast to the previously reported cylindrical osteochon-
dral grafts12 of 6 mm diameter and 7 mm length, the
structure of the osteochondral grafts was then changed
using automated tools, such that a mushroom structure
could be achieved. The mushroom head consisted of the
cartilaginous portion, and the stem of the mushroom con-
sisted of the subchondral bone (Fig. 1). Care was taken
that the mushroom head included the calcified cartilage
and a thin layer of subchondral bone (1 mm). The overall
diameter of the mushroom head was 6 mm while the
diameter of the stem measured only 3 mm in width. The
length of the overall graft was 7 mm with the mushroom
head measuring 3 mm and the stem 4 mm. After prep-
aration of the mushroom structure, the osteochondral
grafts were subjected to an automated, intensive cleansing
procedure to remove bone debris and marrow fat before
the process of photooxidation was initiated12,40,41. This
process was the same for both types of graft and
is based on the immersion of the tissue in a 0.01%
methylene blue solution in phosphated buffered saline
(PBS, Life Technologies AG, Basel, Switzerland) at the
same time as it is exposed to a halogen light source
(patent # EP0768332A1, US5,817,153). After incubation of
the osteochondral grafts the superfluous methylene blue
was washed off with PBS and the grafts were stored for a
maximum of 2 weeks in sterile 50% ethanol at 4°C before
they were used for implantation. The harvesting and
preparation of the grafts was conducted under aseptic
conditions.
For the mushroom-shaped grafts eight female, Swiss
Alpine sheep between 2–4 years of age served as exper-
imental animals and were randomly allocated to two groups
with four animals each. The first group was sacrificed at 2
months, the second group at 6 months after surgery. The
osteochondral mushroom-shaped grafts were implanted
into the medial and lateral condyle of the distal femur at the
weight bearing area of the joint. The control group with
photooxidized cylindrical grafts was taken from an earlier
group of the same overall study (total of 132 sheep) with
exactly the same experimental protocol and consisted of
seven sheep (2–4 years of age) for the 2 months and four
sheep for the 6 months survival group39. One photooxi-
dized graft per sheep was implanted in either the lateral or
medial femoral condyle in the 2 months group, while two
photooxidized cylindrical plugs were inserted in the medial
and lateral femoral condyle in the four sheep of the 6
months survival group. For both, the mushroom-structured
and the cylindrical grafts, implantation was randomly dis-
tributed between the right and the left limb. All experiments
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were conducted according to the Swiss regulations of
animal welfare (application Nr. 180/99, 102/99).
The sheep were adapted to their new environment 14
days prior to experimental surgery. They were checked for
their state of health, routinely wormed and had their claws
inspected. Prior to and for the first month after surgery the
sheep were kept in small groups under confinement in
small stalls, whereas throughout the rest of the study they
were allowed to roam freely on the pasture. Immediately
before surgery the sheep received prophylactically
tetanus antiserum (Tetanus Serum, Veterinaria AG, Zurich
Switzerland), 7 mg/kg gentamicin (Streuli & Co AG,
Switzerland) and 30?000 IU/kg penicillin G (Hoechst AG,
Germany) intravenously. After surgery the antibiotic
prophylaxis was continued for 5 days. An analgesic
(Rimadyl® Carpofen, 4 mg/kg i.v., Pfizer Inc., NY,
U.S.A.) was administered once a day for three days after
surgery.
After sedation with medetomidine (5 µg mg/kg, i.m.,
Domitor®, Orion-Farmos, Turku; Finland) and induction
with ketamine (2 mg/kg Narketan®, Chassot AG,
Switzerland) in combination with valium i.v. (Diazepam,
0.01 mg/kg, Roche, Switzerland) anesthesia was main-
tained with Isoflurane (Forene®, Abbott AG, Baar,
Switzerland) in 100% oxygen. The surgical procedure was
the same as reported before for the cylindrical grafts12,39
and similar for the mushroom-shaped grafts. Briefly, a
parapatellar approach was made to the medial and lateral
condyle of the distal femur using an S-shaped incision.
After opening the joint capsule, the parapatellar fat pad was
retracted and both condyles exposed at their most weight
bearing area. For the cylindrical grafts, a canulated drill bit
(Draenert, Munich, Germany) with an integrated stopping
device for accurate length of 7 mm (Modified, Centerpulse
Biologics) was used, while a specially designed drill bit
(Centerpulse Biologics, Winterthur, Switzerland) was used
to prepare the host bed according to the mushroom struc-
ture of the grafts (Fig. 2). A hollow instrument containing a
stamp allowed to insert the photooxidized, mushroom-
shaped grafts with a pressfit technique3,11 without destroy-
ing the cartilaginous surface of the grafts. The grafts were
leveled to the cartilage surface of the host. Closure of
the wounds was carried out using standard methods
(Resorbable suture material: Vicryl 2/0, Ethicon,
Norderstedt, Germany; Surgery staples: Signet 35 W®,
Auto Suture, Connecticut, U.S.A.). Sterile wound gauzes
were stapled over the incision, but otherwise no bandages
were applied. The fit of the grafts was recorded and digital
pictures of the cartilage surface for documentation were
taken.
MACROSCOPIC AND HISTOLOGICAL EXAMINATION OF GRAFTS
After sacrifice of the animals at 2 and 6 months the hind
limbs containing the grafts were immediately collected and
the stifle joints opened to expose the grafts. The state of the
cartilage surface was judged macroscopically by focusing
on (i) graft location, (ii) appearance of graft surface,
(iii) interface between graft and host cartilage, and (iv)
appearance of the host cartilage. In addition, the
synovial membrane of the joint was checked for signs of
inflammation.
Thereafter, the grafts were harvested, such that the
samples contained the mushroom-shaped graft and
the adjacent host cartilage and subchondral bone. The
samples were then further processed for histology
as undecalcified bone samples as already previously
described39,42,43. Briefly, after fixation in 4% paraformalde-
hyde, the samples were washed in PBS, dehydrated in a
graded series of alcohol, infiltrated with xylene and finally
embedded in acrylic resin based on methylmethacrylate
(HistoDur®, Leica, Switzerland). Ground (30-40 µm) and
thin (5 µm) histology sections were prepared. The sections
were cut at a 90° angle to the cartilage surface such that
the cartilage surface and the subchondral bone area could
be visualized. The ground sections were surface stained
with toluidine blue, while the thin sections were deplastified
and stained with von Kossa/McNeal.
Qualitative evaluation was carried out microscopically
(DMR, Leica,Switzerland) placing emphasis on cartilage
and subchondral bone morphology of the photooxidized,
mushroom-shaped grafts. In addition, quantitative evalu-
ation was performed using a macroscope (M 420, Leica,
Switzerland) where the subchondral bone area was
measured for new bone and fibrous tissue formation. Both,
the microscope and the macroscope were attached to a
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Fig. 1. Structure of osteochondral grafts after photooxidation. The diameter of the mushroom-structured (a) and the cylindrical (b) grafts is
6 mm and the depth is 7 mm. Note bluish coloration and empty pores of the bone matrix of the grafts after photooxidation. (c=cartilage,
tm=tide mark, sc=subchondral bone area).
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digital camera (DC 200, Leica, Switzerland) to enable the
pictures to be captured in TIF-format.
The digitalized pictures of the ground sections were
modified using Adobe Photoshop (Adobe® Photoshop® 5.5,
Adobe Systems incorporated, U.S.A.) such, that the carti-
lage was colored pink. Thus, a clear distinction
from the subchondral bone could be made for the histo-
morphometric analysis (Qwin® Version1, Quips®, Leica,
Switzerland). A standardized frame for measurements was
used, where the subchondral bone area directly beneath
the articular cartilage and the immediate adjacent host
bone were included. Mean values for the percentage areas
of bone matrix and fibrous tissue including cyst-like lesions
were calculated for all sections. Measurements were made
twice for each graft. The quantitative, histological results
were compared to data obtained in the earlier study with
photooxidized cylindrical osteochondral grafts39.
A semiquantitative scoring system was developed for the
assessment of the macro- and microscopic appearance of
the cartilage surface (Table I). Two types of scores were
made with (a) representing the degenerative and (b) the
regenerative score. Scores between 0–3 were given, with
for the degenerative score (a) 0=none, 1=mild, 2=moderate
and 3=severe degeneration. For the regenerative score (b)
0=good, 1=medium, 2=little and 3=no regeneration
present. Scores were given for surface integrity of the
articular cartilage, pannus formation on the surface, meta-
chromatic properties, matrix breakdown, fibrillation, cleft
formation of the articular cartilage matrix, cartilage viability,
repopulation and proliferation within the old graft matrix,
presence of graft-host junction neomatrix, degeneration
and viability of the adjacent host matrix (presence of cells &
matrix staining), chondrocyte cluster formation within the
old graft matrix, the new matrix of the graft-host junction
and the adjacent host matrix, the presence of cutting cones
through the original calcified cartilage and remodeling of
the tide mark of the original graft. Evaluation of the digital-
ized, macroscopic pictures and histology sections was
conducted through three independent observers. If differ-
ences were noticed in the judgment of individual sections, a
repeated assessment was made and the mean value was
taken for further statistical analysis.
Statistical analysis of the percentage of bone matrix and
fibrous tissue of the subchondral bone area as well as the
semiquantitative macroscopic and microscopic evaluation
was performed using a factorial analysis of variance
(ANOVA test). Overall differences between groups (pho-
tooxidized cylindrical and mushroom-shaped at 2 and 6
months) were calculated. The Posthoc test according to
Fisher’s PLSD allowed assessment of the significance for
individual differences. A P value <0.05 was considered to
be significant. Correlation matrices were calculated for time
and structure, and statistical significances were set with the
correlation coefficient at r>0.591.
Results
PREPARATION OF THE GRAFTS AND SURGICAL TECHNIQUE
The preparation of the grafts was uneventful and the
mushroom-structured grafts were well standardized in
overall diameter and length, as well as for the proportion
and position of the stem.
The animals tolerated the surgery well and showed full
weight bearing of the operated limbs immediately after
surgery. Some animals suffered from a slight joint effusion,
which resolved within 7–10 days. No lameness or wound
complication was detected after the first 10 days of the
study.
The surgical technique was easy to perform for both
osteochondral grafting procedures. The mushroom-shaped
grafts were even easier and faster to apply, since only one
drill was used to create the host bed. For the cylindrical
grafts, the hollow drill bit was first used to remove the
cylindrical plug followed by a modified drill bit to smooth
and equalize the base of the defect. The instrumentation
allowed perfect positioning for both types of osteochondral
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Fig. 2. Surgical site of the stifle joints, where (a) depicts the
preparation of the graft bed, and (b) shows the graft after insertion
using the pressfit technique (lat=lateral, med=medial, p=patella,
t=common tendon of m.ext. digit. pedis long. and m.fibularis
tertius.
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grafts at a 90° angle perpendicular to the cartilage surface
of the joint. The grafts were snugly fitted into the host beds
and were continuous with the host cartilage surface. In one
instance of a mushroom-shaped graft, the host cartilage
was injured during the procedure. There, the primarily
inserted graft was not well positioned and had to be
removed again by using the drill bit to remove the remnants
of the primary graft.
MACROSCOPICAL EXAMINATION OF GRAFTS
All grafts were in good position at 2 and 6 months after
implantation. In all instances, the grafts were still easily
distinguishable from the host cartilage mostly due to the
partially retained bluish color of the photooxidation process.
The intensity of the bluish color diminished over time and
was less intensive at 6 months than at 2 months after
surgery. In the mushroom-shaped graft, the bluish color
seemed to disappear slightly faster at 6 months. The
interface between the grafts and the host cartilage was also
still visible in all instances (Fig. 3). In the 6 months group
the surfaces of two mushroom-shaped and four cylindrical
grafts were positioned slightly lower (1–2 mm) compared to
the host cartilage, however, the cartilage surface of the
grafts was still intact in most cylindrical and mushroom-
shaped grafts. In addition, no signs of matrix degradation at
the surface of the host cartilage were demonstrated with
the exception of four cylindrical grafts12 where a slight loss
of the shiny appearance and some discoloration was
noticed. This was not the case in the mushroom-structured
grafts at 6 months.
HISTOLOGY
Qualitative evaluation
The histological results of the photooxidized cylindrical
grafts have been described previously for cartilage, as well
as the subchondral bone12,39. Briefly, the cartilage surface
of the photooxidized cylindrical grafts showed a decreased
metachromatic staining at 6 months compared to the 2
months group. In two of the cylindrical grafts of the 6
months group, cells from the subchondral bone area had
penetrated the calcified cartilage zone including the tide
mark and looked morphologically similar to chondrocytes
(Fig. 4). Synthesis of new extracellular cartilage matrix
within the old photooxidized matrix was observed. How-
ever, overall cartilage repopulation of the old photooxidized
cartilage was minimal with the cylindrical grafts. There,
cyst-like lesions developed in the subchondral bone that
were most prominent at 6 months12. Bone remodeling and
new bone formation was noticed already at 2 but more
pronounced at 6 months. Remodeling of the calcified
cartilage zone including the tide mark was noticed (Fig. 5).
The interface between the host and graft cartilage was still
not fused, however, in most instances the matrix of the
adjacent host cartilage was not degenerated at 2 or at 6
months (Fig. 6).
The histological evaluation of the mushroom plugs was
very similar except that remodeling of the graft bone and
repopulation of the old graft matrix was more advanced at 2
and 6 months and less subchondral bone resorption of the
graft and host bone including the formation of cyst-like
lesions could be observed. In the 2 months group, some of
Table I
Evaluation sheet and score system as used for the semi-quantiative evaluation of cartilage performance: degenerative and regenerative
scores are given for variables mentioned in the first column of the evaluation sheet
Rating type graft Score
type
Range* 2 months 6 months
T† T† CG† T† MG† T
Cartilage surface integrity a 0–3
Pannus at surface a 0–3
Cartilage metachromasia b 0–3
Matrix breakdown a 0–3
Fibrillation of matrix a 0–3
Cleft formation in matrix a 0–3
Cartilage viability b 0–3
Repopulation of old matrix b 0–3
Chondrocyte proliferation b 0–3
Cluster formation in old graft matrix a 0–3
Graft-host junction a 0–3
Degeneration of adj. host matrix a 0–3
Cluster formation in adj. new matrix a 0–3
Cluster formation in adj. host matrix a 0–3
Cutting cones through calcif. cartil b 0–3
Remodeling tide mark b 0–3
Dislocation of grafts a 0–3
*Range 0 – 3: low scores represent good results, while high scores mean less good results.0=none, 1=mild, 2=moderate, 3=severe for
degenerative aspects.0=good, 1=medium, 2=few, 3=none for regenerative aspects.
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the mushroom-shaped grafts already showed bony incor-
poration with two showing endochondral ossification at the
interface between the graft and the adjacent host bone
mostly at the base of the mushroom head (Fig. 7). The
calcified cartilage zone was thicker and less irregular in
most of the mushroom-shaped compared to the cylindrical
grafts. Generally, with one exception where the graft had to
be replaced at the initial time of surgery and subsequently
had collapsed into the original defect at 6 months, less
fibrous tissue formation was noticed at the interface
between the host and graft and also at the base of the
mushroom stem compared to the cylindrical grafts (Fig. 8).
As with the photooxidized cylindrical osteochondral trans-
plants, the cartilaginous interface between graft and host
was not completely united, although in some of the 6
months grafts a bridge consisting of pannus-like tissue with
cells resembling chondrocytes at the base of the cartilage
were noticed (Fig. 9). Again, it was noticeable that the
adjacent host cartilage showed cluster formation, but no
signs of extracellular matrix degeneration which was indi-
cated by good metachromatic staining properties (Fig. 10).
This was even the case in those two specimens where the
grafts were slightly dislocated. The mechanical stability
seemed excellent in all mushroom structured grafts, with
the exception of two 6 months specimens mentioned
above. Repopulation of the old photooxidized graft matrix
was clearly visible, where cells migrated through the calci-
fied cartilage zone and the tide mark (Fig. 11). In the 2
months group, living chondroid cells were demonstrated
in the deep zone of all mushroom-shaped grafts, while
repopulation of the superficial zone seemed to be
dependent on pannus formation. In those specimens with a
thick pannus covering the surface of the old matrix, repopu-
lation with chondroid cells from the cartilage surface was
apparent as well as from the subchondral bone area (Fig.
12). In the 6 months specimens, repopulation of at least the
deep and part of the middle cartilage zones was visible in
all mushroom-shaped grafts and in some specimens living
cells could also be demonstrated in the superficial zone.
Pannus formation was present in the two specimens of the
6 months group where the grafts had collapsed into the
original defect, one of which was where the initial graft had
to be replaced during surgery.
Semiquantitative evaluation
Overall, better results (resp. lower scores) were recorded
for the cartilaginous and bony parts of the mushroom-
shaped grafts compared to the cylindrical grafts (Table II).
Generally, mushroom-shaped grafts were remodeled faster
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Fig. 3. Macroscopic appearance of grafted cartilage site at the time of sacrifice. The interface between host and grafts was still visible in both,
the mushroom structured grafts (a) and the cylindrical grafts (b) at 2 and 6 months after surgery. The original bluish color has faded, but still
is easily detected in both types of grafts. Note the macroscopic appearance of the adjacent cartilage that is still glossy, whitish and does not
reveal major signs of cartilage degeneration.
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compared to cylindrical grafts. Therefore, some of the
degenerative cartilage scores, such as cluster formation,
were higher in the mushroom-shaped grafts already at 2
months. Due to intensive cartilage remodeling, surface
integrity was slightly lower for mushroom-shaped grafts at 6
but not at 2 months. Pannus formation was still higher at 6
months, although differences were not statistically signifi-
cant either for time, structure or their interaction (P>0.05).
The same was true for metachromasia of the photooxidized
cartilage, where mushroom-shaped grafts showed a ten-
dency of higher scores at 2, but a lower score at 6 months
compared to the cylindrical grafts (P>0.05). Although not
significant (P>0.05), signs of matrix break down were
slightly more pronounced for mushroom-shaped grafts at 2,
but less at 6 months. Scores for matrix fibrillation of the
graft cartilage were lower in mushroom-shaped grafts at
both time points, and if time was considered the difference
was statistically significant (P=0.03). For cleft formation
significantly lower scores were noted regarding structure
for the mushroom-shaped grafts (P=0.04). The same was
true for viability of chondrocytes (P=0.006) and repopu-
lation (P=0.006) within the photooxidized old graft matrix of
the mushroom-shaped grafts. A tendency for lower scores
PR
FFFP WP
Fig. 4. Cylindrical photooxidized graft at 6 months: cells from the subchondral area (red arrow) had penetrated the calcified cartilage zone
(cc) including the tide mark (tm) and had already differentiated into chondroid type of cells. The old, photooxidized cartilage matrix (cm) is
still easily distinguished from the newly synthesized cartilage due to its diminished metachromatic staining properties (ground section,
30–40 µ, surface staining with toluidine blue).
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Fig. 5. Cylindrical photooxidized graft at 2 months: Remodeling of
the calcified cartilage zone (cc) is already visible. Columns of
chondroid cells stemming from the subchondral bone area (sc)
(white arrow head) penetrate the calcified cartilage zone and tide
mark (tm). Repopulation of the old photooxidized cartilage matrix
(cm) with new cells (red arrow) was noticed mainly in the deep
zone of the cartilage (5 µm section, staining with toluidine blue).
PR J
K
Fig. 6. Cylindrical photooxidized graft at 6 months: The interface
(black arrows) between the host (h) and graft (g) cartilage is still
not fused. Cluster formation is present mainly in the host cartilage,
but no other signs of cartilage degeneration, such as fibrillation or
loss of matrix staining are noticed (ground section, 30–40 µm,
surface staining with toluidine blue).
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in mushroom-shaped grafts were recorded regarding pro-
liferation of cells, but no significant difference was found
either for time or for structure (P>0.05). Differences in signs
of junction between the grafts and the adjacent cartilage
were significant for time (P=0.003), structure (P<0.001) as
well as their interaction (P=0.03), while the degradation of
the adjacent host matrix was only significant for structure
(P=0.005). There cylindrical grafts showed higher scores in
comparison with mushroom-shaped grafts at both time
points. Cluster formation was judged as a degenerative
sign and showed higher scores in the old graft cartilage
matrix of the mushroom-shaped grafts. The difference was
statistically highly significant (P<0.0001) if time was taken
into account. Cluster formation in the matrix of the junc-
tional tissue (adjacent matrix) was significantly more pro-
nounced in the mushroom-shaped grafts (P=0.007), and
also in the old adjacent host matrix if time was considered
(P=0.007). Lower scores were found for structure with the
cutting cones within the original calcified cartilage of the
graft (P=0.0001), as well as remodeling of the tide mark for
time (P=0.05) and for structure (P=0.02), but not for their
interaction (P=0.76). Mushroom structured grafts were
slightly more dislocated at 2 months, but less at 6 months,
although differences were not significant (P>0.05).
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Fig. 7. Mushroom-shaped graft at 2 months: endochondral ossifi-
cation (eo) already occurred at the base of the mushroom head,
where the subchondral bone area (sc) and the stem (s) of the graft
are already intensively remodeling. The interface (if) between the
graft and host (h) bone is not united yet; however, synovial fluid
penetration into the subchondral bone area is severely inhibited
due to the mushroom structure of the graft (ground section,
30–40 µm, surface staining with toluidine blue).
PR
Fig. 8. Mushroom-shaped graft at 6 months: The bony part of the
graft has almost completely remodeled. Although, at the left side
(white arrow) a small cyst-like lesion has developed, the graft had
not dislocated. At the base of the graft (red arrow), no cyst
formation was noticed (ground section, 30–40 µm, surface staining
with toluidine blue).
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Fig. 9. Mushroom-shaped graft at 6 months: Fusion between the
host (h) and graft (g) cartilage is noticed. The interface (if) is united
(red arrow) and chondroid cells are invading the old photooxidized
cartilage matrix of the graft (black arrow) (5 µm section, staining
with toluidine blue).
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Fig. 10. Graft-host cartilage interface of mushroom-shaped graft at
6 months: The host matrix (h) kept its viability and matrix staining
properties at the edge of the cartilage (black arrow) throughout the
study. The cells and chondrocyte clusters are visible in columns
within the host matrix (g=graft, sc=subchondral bone area of the
host) (5 µm section, staining with toluidine blue).
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Correlations
Significant positive correlations were found for time and
structure (Tables IIIa and IIIb) for degenerative and regen-
erative scores of the cartilage matrix, as well as percentage
fibrous tissue formation and new bone matrix of the
subchondral bone area.
HISTOMORPHOMETRICAL EVALUATION OF THE SUBCHONDRAL
BONE AREA
As with the semiquantitative scores, the histomorpho-
metrical evaluation of the subchondral bone area yielded
better results for the mushroom-structured compared to the
cylindrical grafts (Fig. 13). The mean percentage of fibrous
tissue at 2 months was 37.3% for the cylindrical and 35.6%
for the mushroom-shaped grafts. For the 6 months group,
the cylindrical grafts demonstrated 43.4% fibrous tissue
while the mushroom-shaped grafts had only 34.13%. The
histomorphometrical measurements revealed no statisti-
cally significant difference if only time (2 and 6 months) was
taken into account (P=0.251). If the structure of the grafts
was considered, overall significant differences were found
(P=0.008) such that the photooxidized cylindrical plugs
ended up with a higher percentage of fibrous tissue. The
Fisher’s PSLD test revealed significant individual differ-
ences for the structure of the grafts with a P-value of
0.021. If time and shape of the grafts were accounted for,
statistical significance was missed (P=0.067).
The percentage of the bone matrix was slightly different
such, that mean percentage at 2 months was 42.7% for the
cylindrical and 44.1% for the mushroom-shaped grafts. In
the 6 months group, the percentage of bone matrix was
36.7% for the cylindrical grafts whereas the mushroom-
shaped grafts had 46.48%. Overall differences for only the
effect of time were statistically not significant (P=0.5), but if
only structure of the grafts was considered, statistical
differences were apparent (P=0.048). If both, time and
structure were taken into account, no statistical significant
difference was detected (P=0.122).
Discussion
In this study, the effect of graft structure on the overall
performance of photooxidized osteochondral transplants
was assessed. It could be demonstrated that mushroom-
shaped grafts showed better results, such that graft stability
and remodeling of bone matrix in the subchondral bone
area was improved, while the development of fibrous tissue
and cyst-like lesions was decreased at 2 and 6 months in
comparison to cylindrical grafts. Furthermore, repopulation
of the old photooxidized graft cartilage matrix with living
cells from the subchondral bone area and from the super-
ficial overlying soft tissue layer was far more advanced in
the mushroom-shaped grafts.
PR
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Fig. 11. Mushroom-shaped graft at 2 months: An overview of the
graft (a) shows that the deep and the superficial zone are already
repopulated. Cells (b) migrate from the subchondral bone area (sc)
through the calcified cartilage zone including the tide mark (red
arrow) and repopulate the old photooxidized cartilage matrix of the
graft (g). (b) shows a magnification of the area outlined in (a),
where cells (red arrow) have already invaded some of the empty
lacunae (black arrow) in the middle cartilage zone (5 µm section,
staining with von Kossa/McNeal).
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Fig. 12. Mushroom-shaped graft at 2 months: The cartilage surface
of the graft depicted was covered with a thin soft tissue layer (black
arrow) and cells had invaded the superficial zone (sz) of the old
photooxidized cartilage matrix (red arrow), while the middle zone
(mz) was still mostly acellular (5 µm section, staining with von
Kossa/McNeal).
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Technical errors in surgery were minimal, however, it was
not always possible to have a perfect pressfit at the first
insertion of the graft. In one mushroom-shaped graft, the
first graft was out of alignment at the time of insertion and
after further manipulation a separation of the mushroom
head and the stem occurred. Therefore, the host bed had to
be drilled again to remove the debris of the stem. This may
have had an effect on the exact fitting between the graft
and the host bed and may have caused an increased bone
resorption at the base of the graft. Perfect pressfit of
osteochondral grafts was postulated as one of the main
criteria of clinical success by other authors1,2,4,7,9,11,22,33.
Additionally, it may have allowed penetration of synovial
fluid at the interface between graft and host cartilage, thus
encouraging bone resorption at the base of the graft. This
may have been partly responsible for the collapse of the
graft described in the 6 months group.
The histomorphometrical measurements of the percent-
age fibrous tissue and bone matrix formation in the
subchondral bone area showed slightly differing results.
This was due to several reasons. The amount of fibrous
tissue was relatively easy to measure, since in the ground
sections the fibrous tissue appears white and is easily
distinguished and thus, detectable for the software analysis
program. With the bone matrix, this was slightly different.
Apart from the fibrous tissue, there were several other
tissue structures present within the measured frame. Not
only the thickness and amount of cartilage vary between
individual histology sections, but also the amount of the
calcified cartilage and endochondral ossification. In our
histomorphometrical analysis, only bone matrix was
measured. Therefore, although the percentage of fibrous
tissue formation and new bone matrix formation was
inversely related, the percentage values and statistical
significance was not always complimentary for both
variables measured. Areas of endochondral ossification
were more pronounced (and excluded from the measure-
ments) in the mushroom-shaped grafts at 2 months com-
pared to the cylindrical grafts. Furthermore, in the 6 months
group, one mushroom-shaped graft had completely col-
lapsed into the defect and negatively influenced overall
results of this group. Thus, statistical differences between
mushroom-shaped and cylindrical grafts were probably
less significant for bone matrix measurements compared to
fibrous tissue formation. These results also show the diffi-
culties in evaluating results in experimental animal studies,
where proper randomization of samples are difficult to
achieve with restrictions of minimal animal numbers, at
least in countries where ethical issues about animal welfare
are very strictly applied.
The time frame chosen for this study to sacrifice animals
at 2 and 6 months had, apart from overall costs, several
reasons. In the earlier studies with photooxidized cylindrical
grafts12,39 we demonstrated that the behavior of the
subchondral bone of the graft and the host seemed to be a
determining factor in graft survival. The development of
cyst-like lesions was most prominent at 6 months and very
often occurred either at the base of the cartilaginous
Table II
Results of semiquantitative scores of cartilage evaluation including P-values for time and structure as well as their interaction
Cartilage score Score Mushroom
2 mo
Cylinders
2 mo
Mushroom
6 mo
Cylinders
6 mo
Time Structure Interaction
Surface a 0.5±0.8 0.33±0.5 0.67±0.8 0.83±0.8 6 mo >2mo
P=0.26
Plug>mushroom
P=0.59
P=0.25
Pannus a 0.88±1.1 0.33±0.5 1.5±0.8 1.17±1.2 6 mo >2mo
P=0.07
Mushroom>plug
P=0.31
P=0.79
Metachromasia b 2.0±0.8 0.76±0.4 1.67±0.5 2.5±0.8 6 mo >2mo
P=0.53
Plug>mushroom
P=0.24
P=0.07
Collagen breakdown a 0.88±0.6 1.0±0.0 1.17±0.8 1.33±0.5 6 mo >2mo
P=0.17
Plug>mushroom
P=0.46
P=0.93
Matrix fibrillation a 0.13±0.4 0.0±0.0 0.33±0.8 0.83±0.8 6 mo >2mo
P=0.03
Plug>mushroom
P=0.37
P=0.18
Cleft formation a 0.0±0.0 0.33±0.5 0.17±0.4 0.67±0.8 6 mo >2mo
P=0.22
Plug>mushroom
P=0.04
P=0.68
Viability b 2.0±0.5 3.0±0.0 1.83±0.8 2.33±0.8 2 mo >6mo
P=0.09
Plug>mushroom
P=0.006
P=0.31
Repopulation b 2.0±0.5 3.0±0.0 1.83±0.8 2.33±0.8 2 mo >6mo
P=0.09
Plug>mushroom
P=0.006
P=0.31
Proliferation b 2.0±0.5 2.57±1.1 1.83±0.8 2.33±0.8 2 mo >6mo
P=0.54
Plug>mushroom
P=0.11
P=0.91
Cluster old matrix a 0.0±0.0 0.0±0.0 1.17±0.4 0.83±1.0 6 mo >2mo
P<.0001
Mushroom>plug
P=0.68
P=0.42
Graft host junction b 2.25±0.5 3.0±0.0 1.33±0.5 2.83±0.4 2 mo >6mo
P=0.003
Plug>mushroom
P<.0001
P=0.03
Degradation adjacent
matrix
a 0.75±0.5 1.33±0.5 0.33±0.5 1.67±0.8 2mo = 6mo
P=0.86
Plug > mushroom
P<.0005
P=0.12
Cluster adjacent
matrix
a 1.0±0.8 0.33±0.5 1.5±0.8 0.5±0.5 6 mo >2mo
P=0.23
Mushroom>plug
P=0.007
P=0.54
Cluster old adjacent
matrix
a 0.0±0.0 0.17±0.4 1.17±0.8 0.5±0.5 6 mo >2mo
P=0.0007
Mushroom>plug
P=0.39
P=0.04
Cutting cones b 1.0±0.5 2.33±0.5 0.83±0.4 1.67±0.8 2mo >6mo
P=0.08
Plug>mushroom
P=0.0001
P=0.29
Remodeling tide line b 1.5±0.8 2.33±0.5 1.0±0.6 1.67±0.8 2mo >6mo
P=0.05
Plug>mushroom
P=0.02
P=0.76
Dislocation a 0.88±0.8 0.5±0.5 0.83±0.8 1.33±1.0 6 mo >2mo
P=0.23
Plug>mushroom
P=0.85
P=0.19
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interface between host and graft just beneath the calcified
cartilage zone, or at the base of the graft. At that time, the
cylindrical grafts had either collapsed into the original
defect, or they had managed to keep their positions like
“cliff-hangers” through graft bone remodeling in the
subchondral bone area immediately underlying the calci-
fied cartilage zone, while at the base of the graft resorption
occurred. These features were also found in other studies,
where replacement of the subchondral bone with fibrous
tissue was reported14–16,24. At later time points (12 or
18 months), the cylindrical grafts usually revealed a com-
pletely remodeled subchondral bone area. Therefore, it
was felt that the differences between the cylindrical and
mushroom-shaped grafts in relation to the subchondral
bone were probably most pronounced at these earlier time
points of 2 and 6 months18,21. The results of this study
confirmed this assumption, since at 6 months most of the
mushroom-shaped grafts demonstrated a completely
remodeled subchondral bone area in most of the grafts.
As bone resorption and/or bone remodeling of the pho-
tooxidized cylindrical osteochondral grafts in our earlier
studies turned out to be most active within the first 6
months, especially at the base and at the host-graft inter-
face of the grafts, the mushroom structure was expected
to provide better mechanical stability and reduce the for-
mation of cyst-like lesions. It was expected that the
mushroom-structure would have several advantages com-
pared to the cylindrical form. The transfer of the mechanical
load of the graft would be distributed at two levels with the
first level being at the base of the mushroom, and the
second level at the base of the stem. In addition, synovial
fluid penetration at the cartilaginous graft-host interface
would be inhibited due to the angle of the graft at the base
of the mushroom head. These changes were expected to
improve mechanical stability of the osteochondral grafts,
thus also facilitating incorporation of the grafts. The results
demonstrated that the photooxidized mushroom-shaped
grafts indeed met these expectations and proved to be
Table IIIa
a: Significant correlations found for scores related to time with a correlation coefficient r>0.591
Variable 1 Variable 2 Correlation coefficient r Factor
Surface integrity Matrix fibrillation 0.7 Time: 2 mo
Collagen breakdown Matrix fibrillation 0.65
Collagen breakdown Cartilage viability 0.609
Collagen breakdown Matrix repopulation 0.609
Collagen breakdown Chondrocyte proliferation 0.609
Matrix fibrillation Surface integrity 0.7
Cleft formation Cluster formation old adj. host matrix 0.679
Cartilage viability Collagen breakdown 0.609
Cartilage viability Repopulation 1.0
Cartilage viability Chondrocyte proliferation 1.0
Cartilage viability Cutting cones calcif. cart. zone 0.639
Matrix repopulation Chondrocyte proliferation 1.0
Matrix repopulation Graft-host junction 0.596
Matrix repopulation Cutting cones calcif. cart. zone 0.639
Chondrocyte proliferation Graft-host junction 0.639
Chondrocyte proliferation Cutting cones calcif. cart. zone 0.639
Graft-host junction Cutting cones calcif. cart. zone 0.603
Surface integrity Collagen breakdown 0.728 Time: 6 mo
Surface integrity Matrix fibrillation 0.722
Pannus Dislocation 0.684
Metachromasia Cartilage viability 0.711
Metachromasia Repopulation 0.711
Metachromasia Chondrocyte proliferation 0.711
Metachromasia Cluster formation in old graft matrix 0.776
Metachromasia Cluster old adjacent host matrix 0.612
Cleft formation Matrix fibrillation 0.7
Cartilage viability Repopulation 1.0
Cartilage viability Chondrocyte proliferation 1.0
Cartilage viability Cluster formation in old graft matrix 0.776
Cartilage viability Cluster old adjacent host matrix 0.932
Cartilage viability Cutting cones calcif. cart. zone 0.722
Matrix repopulation Chondrocyte proliferation 1.0
Matrix repopulation Cluster formation in old graft matrix 0.776
Matrix repopulation Cluster old adjacent host matrix 0.932
Matrix repopulation Cutting cones calcif. cart. zone 0.722
Chondrocyte proliferation Cluster formation in old graft matrix 0.776
Chondrocyte proliferation Cluster old adjacent host matrix 0.932
Cluster formation in old graft matrix Cutting cones calcif. cart. zone 0.816
Cluster formation in old graft matrix Remodeling of tide mark 0.632
Graft-host junction Degeneration adj. host matrix 0.741
Degeneration adj. host matrix Cluster old adjacent host matrix 0.664
Degeneration adj. host matrix Cutting cones calcif. cart. zone 0.759
Degeneration adj. host matrix Remodeling of tide mark 0.735
Cluster old adjacent host matrix Cutting cones calcif. cart. zone 0.756
Cutting cones calcif. cart. zone Remodeling of tide mark 0.775
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superior to their cylindrical counterparts. Mechanical
stability of ostechondral grafts was also related to the
performance and thickness of the subchondral bone by
other authors13,15,19,22,38.
The protocol for the semiquantitative scores was set
such, that low scores were considered good for the degen-
erative (a) and the regenerative (b) scores. Since cluster
formation is considered a sign for cartilage degradation,
high numbers of clusters were considered a negative sign
and received high scores. Cluster formation in the adjacent
matrix and the old matrix was significantly higher for the
mushroom-shaped grafts at 6 months. However, this may
in reality not really be a negative sign, since cluster
formation may also indicate that chondrocyte proliferation
is still ongoing. The semiquantitative score used in the
current and already published in a previous study39 is not
identical with the classical Mankin44 or other currently used
scores45. This was not possible, since the osteochondral
grafts used in our study were non-viable at the time of
implantation. Thus, the classic scores could not be applied
in the different situation of our experiments.
The importance of the calcified cartilage zone and the
tide mark for the cartilage structure is still unknown, at least
for cartilage repair13,46. Cells from the subchondral bone
area were observed to penetrate this zone as already
reported in our earlier study12. The accompanying mor-
phology of these cells penetrating the calcified cartilage
zone and tide mark appeared very similar to the ‘cutting
cones’ reported in bone remodeling47. Cells could be
clearly demonstrated in all zones of the originally ‘dead’
photooxidized cartilage matrix in the mushroom-shaped
grafts. No vessels were observed to neither cross the zone
of calcified cartilage or the tide mark into the cartilage
matrix. Chondrocyte proliferation and irregular arrange-
ments of chondrocytes in the deep cartilage zone was also
observed by other authors indicating that chondrocyte
repopulation may be coming from the subchondral bone
area13,17,21,32,48.
Photooxidized cartilage was proven to contain no viable
chondrocytes49 at the time of implantation. This, not unex-
pectedly, leads to a decreased metachromatic staining of
the graft cartilage compared to the host cartilage indicative
of proteoglycan depletion. However, this changed in both
types of grafts already at 6 months. Metachromatic staining
increased in the extracellular matrix around the cells found
in the deep cartilage zone of the osteochondral cylindrical
grafts. However, this was not the case in all of the
cylindrical grafts at 6 months, and was only found in
grafts that were stable in their original host bed and where
the subchondral graft bone was already remodeling.
In contrast, increased metachromatic staining the deep
zone of the grafts was already noticed in most of the
Table IIIb
b: Significant correlations found for scores related to structure with a correlation coefficient r>0.591
Variable 1 Variable 2 Correlation coefficient r Factor
Surface integrity Collagen breakdown 0.599 mushroom
Surface integrity Matrix fibrillation 0.753
Pannus Cutting cones calcif. cart. zone 0.609
Matrix fibrillation Cleft formation 0.888
Matrix fibrillation Dislocation 0.591
Cleft formation Cluster formation in old graft matrix 0.664
Cartilage viability Repopulation 1.0
Cartilage viability Chondrocyte proliferation 1.0
Matrix repopulation Chondrocyte proliferation 1.0
Cluster old adjacent host matrix Degeneration adj. host matrix 0.603
Surface integrity Collagen breakdown 0.64 Cylinder plugs
Surface integrity Matrix fibrillation 0.627
Surface integrity Cleft formation 0.706
Pannus Dislocation 0.706
Metachromasia Matrix fibrillation 0.6
Cartilage viability Repopulation 1.0
Cartilage viability Chondrocyte proliferation 1.0
Cartilage viability Cluster formation in old graft matrix 0.939
Cartilage viability Cluster old adjacent host matrix 0.756
Cartilage viability Cutting cones calcif. cart. zone 0.756
Cartilage viability Remodeling of tide mark 0.756
Matrix repopulation Chondrocyte proliferation 1.0
Matrix repopulation Cluster formation in old graft matrix 0.939
Matrix repopulation Cluster old adjacent host matrix 0.756
Matrix repopulation Cutting cones calcif. cart. zone 0.756
Matrix repopulation Remodeling of tide mark 0.756
Chondrocyte proliferation Cluster formation in old graft matrix 0.939
Chondrocyte proliferation Cluster old adjacent host matrix 0.756
Chondrocyte proliferation Cutting cones calcif. cart. zone 0.756
Chondrocyte proliferation Remodeling of tide mark 0.756
Cluster formation in old graft matrix Graft-host junction 0.629
Cluster formation in old graft matrix Cluster old adjacent host matrix 0.776
Cluster formation in old graft matrix Cutting cones calcif. cart. zone 0.776
Cluster formation in old graft matrix Remodeling of tide mark 0.776
Cluster old adjacent host matrix Cutting cones calcif. cart. zone 0.75
Cluster old adjacent host matrix Remodeling of tide mark 0.75
Cutting cones calcif. cart. zone Remodeling of tide mark 1.0
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mushroom-shaped specimens at 2 months and in all speci-
mens at 6 months. In both types of photooxidized grafts the
cartilage surface was still intact and showed no signs of
early cartilage degeneration, such as fibrillation or cleft
formation. These findings, together with the cells found in
the non-viable photooxidized matrix, question the impor-
tance of chondrocyte viability in osteochondral transplants
for overall graft survival as proposed by other authors11, at
least in the sheep experimental model. It may be specu-
lated that if a mechanical stable cartilage matrix with a
permissive environment for chondrocyte differentiation was
provided, then viable chondrocytes are not required at the
time of implantation, at least in 6 mm sized grafts in sheep.
Another interesting finding was the histology of the
graft-host interface in the mushroom-shaped grafts. Al-
though, union between the graft and host cartilage was not
expected 6 months after surgery, a tight junction directly
underneath the mushroom head was noticed in six of the
grafts already at 2 months. This was attributed to the fact
that there was a significant decrease in the development of
the cyst-like lesions and improved bone matrix remodeling
in these types of grafts. The inhibition of synovial fluid
penetration at the cartilaginous junction was held respon-
sible for these findings. Furthermore, the viability of the
adjacent host cartilage at the host-graft interface was
maintained indicated by proliferating chondrocytes and
normal matrix staining. This was in contrast to the un-
treated xeno- or even autografts12, where the viability of the
directly adjacent host cartilage was always significantly
impaired by reduced matrix staining compared to the
remaining host cartilage and absence of chondrocytes
within the immediate environment of the graft-host inter-
face. This was also found in other studies14,16; however,
the meaning of this phenomenon was not further explored.
Further studies ongoing in our laboratory suggest that the
pretreatment of the grafts with photooxidation is respon-
sible for this phenomenon. Although, matrix deposition was
not complete and the cartilaginous junctional interface
had not yet united in the mushroom-shaped grafts, it is
relatively safe to assume based on our earlier studies
Fig. 13. Box plots representing the median percentage of fibrous and other non-bony tissue formation (a) in both types of grafts at 2 and 6
months. Note that the median percentage is higher in the cylindrical grafts and there, mostly in the 6 months specimens. The median
percentage of bone matrix is recorded in both types of grafts at 2 and 6 months in (b). The median percentage is relatively stable in the
mushroom structured grafts at 2 and 6 months, while in the cylindrical grafts, this value is decreased in the 6 months specimens. In (c&d)
an overview of the cylindrical and mushroom-shaped grafts at 2 and 6 months are presented from where the histomophometrical data was
obtained. The coloring of the cartilage (pink) and background (yellow) was made to avoid mistakes during detection of fibrous tissue and
bone matrix. Note that cyst-like lesions are more pronounced in the cylindrical grafits (c) compared to the mushroom-shaped grafts, where
only one graft had collapsed into the original defect at 6 months (c).
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that this could be achieved if animals were followed up for
12 months.
The significance of this study for clinical applications
is such, that mushroom-shaped osteochondral grafts –
although they would provide better graft stability and faster
incorporation, or better tissue guided regeneration and
graft remodeling – cannot be tailored at the surgical table
by the surgeon as this can be done with cylindrical
autografts2,3,10. Graft preparation actual surgery may be
too risky. Even if great care is applied concerning prep-
aration of the stem and the mushroom head, the head may
separate from the stem and, thus, make the graft unusable
Fig. 13. C and D continued
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for cartilage resurfacing. If autografts are used, this would
be too high of a risk for the patients. The number
of autografts that can be harvested is limited due to
anatomical reasons, and since donor site morbidity is still
questionable26,27,35 failure of autograft preparation is not
acceptable in human surgery. This means, that, if
mushroom-shaped grafts are considered as osteochondral
transplants, grafts prepared prior to surgery should be
used, either fresh allo-, or – better-pretreated allo- or
xenografts. Since photooxidation improved the mechanical
stability of the osteochondral grafts12,49, these grafts would
be worthwhile for consideration. In our earlier studies, bone
resorption in allografts, pretreated with photooxidation was
considerably faster compared to pretreated xenografts12,39.
Therefore, xenografts with a compact subchondral bone,
such as grafts of equine or bovine origin, which were
pretreated with photooxidation should be seriously consid-
ered for these types of grafts. However, whether bone
grafts would be acceptable for use in human patients due to
prion disease remains to be seen. For equine grafts,
disease transmission is not a possibility. Furthermore, the
process of photooxidation includes a careful cleansing
procedure according to the international standard of bone
banks and, therefore only a natural grown scaffold remains.
Since for this cleansing procedure substances are used
that destroy any living cell or infectious agent, it is unlikely
that disease transmission could occur.
Future studies will focus on the further improvement of
the photooxidation process, improved conservation of the
graft, and on the use of these mushroom-shaped grafts in
the application of the mosaicplasty for cartilage resurfacing.
Acknowledgements
The authors thank Sabina Wunderlin for her excellent work
in preparing the histology sections, and Regula Keel for her
tedious work in preparing the digital pictures and perform-
ing the histomorphometrical analysis. We also thank Adrian
Fairburn for reviewing the manuscript for English language.
References
1. Bobic V. Autologous osteo-chondral grafts in the man-
agement of articular cartilage lesions. Orthopade
1999;28(1):19–25.
2. Hangody L, Kish G, Karpati Z, Szerb I, Udvarhelyi I.
Arthroscopic autogenous osteochondral mosaic-
plasty for the treatment of femoral condylar articular
defects. A preliminary report. Knee Surgery, Sports,
Traumatology. Arthroscopy 1997;5(4):262–7.
3. Kish G, Modis L, Hangody L. Osteochondral mosaic-
plasty for the treatment of focal chondral and osteo-
chondral lesions of the knee and talus in the athlete.
Rationale, indications, techniques, and results. Clin
Sports Med. 1999;18(1):45–66 vi.
4. Jakob RP. Knee injuries in general practice. Ther
Umsch 2000;57(12):739–47.
5. Friedlaender GE, Strong DM, Tomford WW, Mankin
HJ. Long-term follow-up of patients with osteochon-
dral allografts. A correlation between immunologic
responses and clinical outcome. Orthop Clin North
Am 1999;30(4):583–8.
6. Aubin PP, Cheah HK, Davis AM, Gross AE. Long-
term followup of fresh femoral osteochondral
allografts for posttraumatic knee defects. Clin Orthop
2001;391(Suppl):S318–27.
7. Bugbee WD, Convery FR. Osteochondral allograft
transplantation. Clin Sports Med 1999;18(1):67–75.
8. Hangody L, Kish G, Karpati Z, Szerb I, Eberhard R.
Treatment of Osteochondritis Dissecans of the
Talus: Use of the Mosaicplasty Technique-A Prelimi-
nary Report. Foot & Ankle Int 1997;18(10 October):
628–34.
9. Garrett JC. Osteochondral Allografts. In: Heckman
JD, Ed. Instructional Course Lectures Vol. 42. San
Antonio Texas: American Academy of Orthopedic
Surgeons 1993;355–8.
10. Outerbridge HK, Outerbridge AR, Outerbridge RE. The
Use of a Large Patellar Autologous Graft for the
Repair of a Large Osteochondral Defect in the Knee.
J Bone Joint Surg 1995;77-A(1 Jan):65–72.
11. Hurtig MB, Novak K, McPherson R, McFadden S,
McGann LE, Muldrew K, et al. Osteochondral Dowel
Transplantation of Repair of Focal Defects in the
Knee: An Outcome Study Using an Ovine Model. Vet
Surg 1998;27:5–16.
12. Akens MA, Rechenberg Bv, Bittmann P, Nadler D,
Zlinszky K, Auer JA. Long term in vivo studies of a
photooxidized bovine osteochondral transplant in
sheep. BMC Musculoskeletal Disorders 2001;2(9):
1471–2474.
13. Desjardins MR, Hurtig MB, Palmer NC. Incorporation
of Fresh and Cryopreserved Bone on Osteochondral
Autografts in the Horse. Vet Surg 1991;20(6):446–52.
14. Hurtig MB, Fretz PB, Doige CE, Schnurr DL. Effects of
Lesion Size and Location on Equine Articular Carti-
lage Repair. Can J Vet Res 1988;52:137–46.
15. Hurtig MB. Experimental Use of Small Osteochondral
Grafts for Resurfacing the Equine Third Carpal
Bone. Equine Vet J 1988;Supplement 6, Equine
Orthopaedics:23–7.
16. Dew TL, Martin RA. Functional, radiographic, and
histologic assessment of healing of autogenous os-
teochondral grafts and full-thickness cartilage defects
in the talus of dogs. Am J Vet Res 1992;53(11):
2141–52.
17. Makino T, Fujioka H, Kurosaka M, Matsui N, Yoshihara
H, Tsunoda M, et al. Histologic analysis of the
implanted cartilage in an exact-fit osteochondral
transplantation model. Arthroscopy 2001;17(7):
747–7451.
18. Kubo T, Arai Y, Namie K, Takahashi K, Hojo T, Inoue
S, et al. Time-sequential changes in biomechanical
and morphological properties of articular cartilage in
cryopreserved osteochondral allografting. J Orthop
Sci 2001;6(3):276–81.
19. Lane JG, Tontz WL Jr., Ball ST, Massie JB, Chen AC,
Bae WC, et al. A morphologic, biochemical, and
biomechanical assessment of short-term effects of
osteochondral autograft plug transfer in an animal
model. Arthroscopy 2001;17(8):856–63.
20. Shahgaldi BF, Amis AA, Heatley FW, McDowell J,
Bentley G. Repair of Cartilage Lesions using Biologi-
cal Implants. J Bone Joint Surg 1991;73B(1 January):
57–64.
21. Toolan BC, Frenkel SR, Pereira DS, Alexander H.
Development of a novel osteochondral graft for car-
tilage repair. J Biomed Mater Res 1998;41(2):
244–50.
Osteoarthritis and Cartilage Vol. 12, No. 3 215
22. Wohl G, Goplen G, Ford J, Novak K, Hurtig M,
McPherson R, et al. Mechanical Integrity of Subchon-
dral Bone in Osteochondral Autografts and Allografts.
Can J Surg. 1998;41(3):228–33.
23. Gilbert JE. Current Treatment Options for the Restau-
ration of Articular Cartilage. Am J Knee Surg 1998;
11(1)(1):42–7.
24. Malinin TI, Mnaymneh W, Lo HK, Hinkle DK. Cryo-
preservation of Articular Cartilage: Ultrastructural Ob-
servations and Long-Term Results of Experimental
Distal Femoral Transplantation. Clin Orthop 1994;
303:18–32.
25. Jerosch J, Filler T, Peuker E. Is there an option for
harvesting autologous osteochondral grafts without
damaging weight-bearing areas in the knee joint?
Knee Surg Sports Traumatol Arthrosc 2000;8(4):
237–40.
26. Simonian PT, Sussmann PS, Wickiewicz TL, Paletta
GA, Warren RF. Contact pressures at osteochondral
donor sites in the knee. Am J Sports Med 1998;26(4):
491–4.
27. Ahmad CS, Guiney WB, Drinkwater CJ. Evaluation of
donor site intrinsic healing response in autologous
osteochondral grafting of the knee. Arthroscopy
2002;18(1):95–8.
28. Hunziker EB. Articular Cartilage Repair: Are the Intrin-
sic Biological Constraints Undermining This Process
Insuperable? Osteoarthritis Cart 1999;7:15–28.
29. Buckwalter JA, Mankin HJ. Articular Cartilage: Degen-
eration and Osteoarthritis, Repair, Regeneration, and
Transplantation. AAOS Instructional Course Lectures
1998;47:487–504.
30. Zuger BJ, Ott B, Mainil-Varlet P, Schaffner T,
Clemence JF, Weber HP, et al. Laser solder welding
of articular cartilage: tensile strength and chondro-
cyte viability. Lasers Surg Med 2001;28(5):427–34.
31. Friedlaender GE. Bone Allografts: The Biological Con-
sequences of Immunological Events. J Bone Joint
Surg 1991;73-A(8 September):1119–21.
32. Schachar NS, Novak K, Hurtig M, Muldrew K,
McPherson R, Wohl G, et al. Transplantation of
Cryopreserved Osteochondral Dowel Allografts for
Repair of Focal Articular Defects in an Ovine Model.
J Orthop Res 1999;17:909–20.
33. Duchow J, Hess T, Kohn D. Primary stability of press-
fit-implanted osteochondral grafts. Influence of graft
size, repeated insertion, and harvesting technique.
Am J Sports Med 2000;28(1):24–7.
34. Menke W, Schmitz B. Large autogenous osteochon-
dral graft for replacing knee cartilage defect.
Orthopedics 1999;22(6):631–2.
35. Bartz RL, Kamaric E, Noble PC, Lintner D, Bocell J.
Topographic matching of selected donor and recipi-
ent sites for osteochondral autografting of the articu-
lar surface of the femoral condyles. Am J Sports Med
2001;29(2):207–12.
36. Garrett JC. Treatment of Osteochondral Defects of the
Distal Femur with Fresh Osteochondral Allografts: A
Preliminary Report. Arthroscopy 1986;2(4):222–6.
37. Sanders TG, Mentzer KD, Miller MD, Morrison WB,
Campbell SE, Penrod BJ. Autogenous osteochondral
‘plug’ transfer for the treatment of focal chondral
defects: postoperative MR appearance with clinical
correlation. Skeletal Radiol 2001;30(10):570–8.
38. Rodrigo JJ. The Problem of Fit in Osteocartilaginous
Allografts. In: Friedlaender GE, Sell KW, Mankin HJ,
Eds. Osteochondral Allografts. Boston/Toronto: Little,
Brown & Company 1983;249–55.
39. Rechenberg Bv, Akens MK, Nadler D, Bittmann P,
Zlinszky K, Ku¨ttner A, et al. Changes in subchondral
bone in cartilage resurfacing – an experimental study
in sheep using different types of osteochondral grafts.
Osteoarthritis Cart 2003;11:265–77.
40. Akens MK, Rechenberg Bv, Bittmann P, Nadler D,
Zlinszky K, Auer JA. In Vitro Studies of a Photo-
oxidized Bovine Articular Cartilage. J Vet Med A
Physiol Pathol Clin Med 2002;49:39–45.
41. Moore M, Bohachewski I, Cheung D, Boyan B, Chen
W, Bickers R, et al. Stabilization of pericardial tissue
by dye mediated photooxidation. J Biomed Mater
Res 1994;28:611–8.
42. Engelhardt P, Gasser JA. LEICA HistoDur: A Resin
Specifically Designed for the Histology of Mineralized
Tissues. Leica Applications Brief. Switzerland:
Sandoz Pharma LTD, Osteoporosis Research, 4002
Basel; 1995.
43. Rechenberg Bv, Leutenegger CM, Zlinszky K,
McIlwraith CW, Akens MK, Auer JA. Upregulation of
mRNA of interleukin-1 and 6 in subchondral cystic
lesions of four horses. Equine Vet J 2000;332:143–9.
44. van der Sluijs JA, Geesink RG, van der Linden AJ,
Bulstra SK, Kuyer R, Drukker J. The reliability of
the Mankin score for osteoarthritis. J Orthop Res
1992;10(1):58–61.
45. Mainil-Varlet P, Rieser F, Grogan S, Mueller W,
Saager C, Jakob RP. Articular cartilage repair using a
tissue-engineered cartilage-like implant: an animal
study. Osteoarthritis Cart 2001;9(Suppl A):S6.
46. Buckwalter JA, Mankin HJ. Articular Cartilage: Tissue
Design and Chondrocyte Matrix Interactions. AAOS
Instructional Course Lectures 1998;47:477–86.
47. Schenk R. Struktur und Funktion des Knochens. In:
Bonath KH, Prieur WD, Eds. Kleintierkrankheiten
Band 3: Orthopa¨dische Chirurgie und Traumatologie.
Stuttgart: Ulmer 1998;Band:23–33.
48. Domm C, Schu¨nke M, Christesen K, Kurz B. Rediffer-
entiation of Dedifferentiated Bovine Articular
Chondrocytes in Alginate Culture Under Lower Oxy-
gen Tension. Osteoarthritis Cart. 2002;10:13–22.
49. Akens MK. In-Vitro and in-Vivo Study of Osteochondral
Transplants Pretreated with Photo-oxidation [PhD].
University of Zurich; 2.
216 B. von Rechenberg et al.: Photooxidized, mushroom-shaped osteochondral grafts
